The authors present an anatomical study of the vascular nerve fiber distribution to the human intracranial arteries. These fibers are abundant in the circle of Willis and its neighboring arteries, but there are no vascular nerves in small pial arteries over the convexity. These nerve fibers are provided with a cluster of synaptic vesicles as they approach the smooth muscle cells of the media. Adrenergic axons are also found in these fibers.
I
T is well known that cerebral vasospasm can occur in cases of ruptured intracranial aneurysm or subarachnoid hemorrhage. Patients in these cases frequently suffer serious consequences as a result of vasospasm followed by cerebral infarction? ,ls'87,s9 Many experimental studies of cerebral vasospasm or arterial constriction have been reported since the end of the last century; the etiology, however, is still obscure. 7'1~ On the other hand, there have been many reports which concern the regulatory mechanism of cerebral blood flow (CBF), 16, 17, 20, 22, 32, 34 ,3s' 40,4a,44 but not much is known about its neurogenic control.
The existence of vascular nerves in intracranial arteries has already been confirmed by silver impregnation 2's'~1,12,2~'3~176 and histochemical fluorescent studies. 8,9,1.,~,27,~9 Electron microscopy provides a better method for examining the autonomic nerve fibers and the fine structure of the nerve terminals, and many electron microscopic obserrations of vascular nerves have been reported. 5,1~,14,15,~s,2e,2s,aS,a6 However, an anatomical description of the distribution of nerve fibers to cerebral arteries in man has not yet been reported.
In the present investigation, we describe the structure and topographical distribution of vascular nerve fibers in several regions of the human intracranial arteries, and discuss the possible neurogenic factor in cerebral vasospasm.
Material and Method
The material for this study was obtained from two individuals who died of rectal carcinoma. Within 3 hours of death, the arterial segments from a large number of selected regions of each brain were removed and fixed (Fig. 1) . The arterial segments were fixed in ice-cold 2% glutaraldehyde in Millonig's phosphate buffer s` for 30 minutes, and postfixed in ice-cold 1% osmium tetroxide in . A~.5 = anterior cerebral artery; M1-6 --middle cerebral artery; C1 = anterior choroidal artery; P~ = posterior cerebral artery; L~.2 = labyrinthine artery; O1 = artery running above the olivary nucleus. The number beside the artery is approximate # size of its outer diameter. The single circle indicates the total absence of vascular nerve fibers, the double circle indicates the presence of unmyelinated nerve fibers, and the heavy circle indicates the presence of both myelinated and unmyelinated nerve fibers. the same buffer for 2 hours. Some specimens were fixed in ice-cold 3% permanganate in veronal acetate buffer for 2 hours. They were dehydrated with ethanol and embedded in Epon 812. TM Sections were cut with glass knives transversely to the axis of the artery. Thick sections for light microscopy were stained with 1% toluidine blue. These preparations were used for an approximate measurement of the outer diameter of the artery; they were also used for observations of unmyelinated nerve fibers. Thin sections were stained with uranyl acetate and lead hydroxide, 28 then examined with a JEM-T7S electron microscope. Almost all of the arterial wall was investigated, and many transverse sections were used, so that no nerve fiber or ending would be missed.
Results
The adventitia of the smooth muscle layers contained an abundance of collagen fibers and fibroblasts. In the large arteries a few elastic fibers were found within the adventitia. Nerve fibers in the arterial wall were always observed in the region of the adventitia (Figs. 2 to 11), and none were found within the smooth muscle layers of the media. Nerve fibers were myelinated or unmydinated and their supply to the different segments of the intracranial arteries is shown in Fig. 1 .
Myelinated nerve fibers almost always lie in the outermost layer of the adventitia (Fig.  4) , and they were rarely found in the media. On the whole, myelinated nerve fibers were abundantly distributed in the circle of Willis, C e r e b r a l n e r v i v a s o r u m in t h e h u m a n b r a i n FtG. 2. Transverse section through a small artery. The lumen (L) and endothelial cells (E) are found at the upper left corner. Internal elastic lamina (I) and some layers of smooth muscle cells (Sm) also can be seen. In the adventitia there are a large number of collagen fibers (C) within which some fibroblasts (F) and unmyelinated nerve fibers (arrows) are scattered. Glutaraldehyde-osmium fixation, calibration, 10 u. the internal carotid artery, the basilar artery, and the vertebral artery. They were observed in the main stems of the middle cerebral artery in the Sylvian fissure and also in the main branches of the anterior choroidal artery, the posterior cerebral artery, the anterior inferior cerebellar artery, and the posterior inferior cerebellar artery. In general, larger arteries possessed myelinated nerve fibers; however, the labyrinthine artery ( Fig. 1, L2 ) near the internal acoustic meatus, which is as small as 170 ~ in diameter, also contained these fibers, while such large arteries as the anterior cerebral artery (Fig. 1 , A~), more than 1000 ~ in diameter, had no myelinated fibers.
Although myelinated fibers existed only at the outermost layer of the adventitia, unmyelinated nerve fibers were found in all layers of the adventitia. Unmyelinated fibers appeared more commonly than myelinated fibers in several arteries ( Fig. 1 ), and were especially abundant in the circle of Willis, the basilar artery, and their adjacent regions. They gradually diminished in number as they approached the periphery, and were not found in the small branches. In the base of the frontal lobe near the olfactory tract, a large artery had unmyelinated fibers, while a small artery had no nerve fibers ( Fig. 1 , As and As). In a branch of the callosomarginal artery on the motor area ( Fig. 1, A1 ) and the sensory area ( Fig. 1, A2 ), unmyelinated fibers were found when the artery was 450 u in diameter, while no nerve fibers were found when its diameter was 350 ~t. The smallest diameter at which arteries contained vascular nerves was about 100 # on the surface of the superior temporal gyrus (Fig. 1, M1 ), the middle temporal gyrus (Fig. 1, M() , and the distal portion of the Sylvian fissure (Fig. 1, M2 , Ms, and Me) in the distribution of the middle cerebral artery. However, in the proximal portion of the Sylvian fissure, small perforating arteries (Fig. 1, Ms) , which had branched directly from the middle cerebral artery, possessed vascular nerves even when they were as small as 20 # in diameter. In a small branch of the anterior choroidal artery (Fig. 1 , CO nerve fibers could also be seen. These fibers were found in other branches of the posterior cerebral artery at the base of the occipital lobe; their diameter was 70 # (Fig. 1,  P0 . In the labyrinthine artery near the internal acoustic meatus, both myelinated and unmyelinated nerve fibers were found when the artery was 170 u in diameter (Fig. 1, L2 ), while only unmyelinated fibers were found when its branch was 60 # in diameter (Fig. 1,  LI) . Unmyelinated fibers were observed in the arterioles running above the olivary nucleus (Fig. 1, Ox) ; these branched from the vertebral artery. Moreover, unmyelinated fibers could be found in the pontine branch and in the superior cerebellar artery.
Of the arteries within the brain tissue, arterioles of 40 # in diameter within the white matter of the corpus callosum (Fig. 1, 11 ) possessed no nerve fibers, while in the anterior (Fig. 1, I~) and posterior perforated substance (Fig. 1, 18 ) the arterioles of 50 u in diameter contained unmyelinated fibers. A lenticulostriate artery, 300 ~ in diameter, also had unmyelinated fibers (Fig. 1, I,) .
Unmyelinated nerve fibers in the outer layer of the adventitia consisted of a number S. Sato a n d J. Suzuki of axons which were surrounded by Schwann cell investments (Figs. 3 and 4) . These axons were about 0.1 to 0.6 ~ in diameter, and contained many neurofilaments and neurotubules and a few mitochondria. Near the smooth muscle cells of the media these axons were 0.5 to 1.2 # in diameter; here they had many synaptic vesicles and some mitochondria instead of neurotubules or neurofilaments (Figs. 5 to  11 ). Such axons were partially denuded of Schwann cell investments and protruded into the adventitial space covered only with the basement membrane. These nerve terminals were often found in the internal carotid artery and at the proximal portion of the anterior and the middle cerebral arteries. Nerve terminals were not observed in small arteries in which nerve fibers were still running. Double fixation of glutaraldehyde followed by osmium tetroxide differentiated two main types of axons based on synaptic vesicles. The first type of axon had many small clear vesicles of 400 to 600/~ in diameter and a few large cored vesicles of about 1300 A (Fig. 5) . The second type contained small cored vesicles of 400 to 600 A in addition to the above vesicles (Fig. 6) . However, small cored vesicles were relatively rare in the materials prepared by double fixation. Permanganate fixation, on the other hand, allowed us to observe small cored vesicles as well as further small dense vesicles of about 400 to 600 A in diameter (Fig. 11) .
Discussion
Electron microscopic studies of vascular nerves in the walls of the cerebral arteries have been done mainly in rats, "'15'85'8e monkeys, 11,28 and cats. 25.26 ." The only investigation of human cerebellar arteries reported was by Dahl and Nelson, 5 who used autopsy material. There is a presumption of postmortem ultrastructural change which has discouraged research work on cerebral arteries from human cadavers. In our experiments, however, the arterial segments were obtained from the brain at autopsy, and the arterial walls showed almost normal ultrastructure.
The nerve fibers in the walls of human cerebral arteries were found only in the area of the adventitia, and did not enter into the intercellular space of the smooth muscle cell layers. It has been reported that the vascular nerves can also be observed within the smooth C e r e b r a l n e r v i v a s o r u m in t h e h u m a n brain
FIO. 4. Myelinated (My) and unmyelinated (Un) nerve fibers found in the adventitia. They have many neurotubules, neurofilaments and a few mitochondria (M). A nucleus is seen in the Schwann cell (S).
Glutaraldehyde-osmium fixation, calibration, 1 u. muscle cell layer when the method of silver impregnation is used. 1~'8~176 Recent electron microscopic studies have shown, however, that all these nerves exist only in the adventitia. 5,11,1*,15'5,28,2s' aS,~e The vascular nerves of the cerebral arteries in human beings seem to run only through the adventitia, as has been shown in experimental animals.
From an electron microscopic viewpoint, myelinated nerve fibers in the arterial wall have been reported to be sensory nerves," and sensory terminals have also been detected in the media as well as in the adventitia, s~ We could not confirm that these nerves were sensory. Both myelinated and unmyelinated fibers seemed to be autonomic nerve fibers as stated elsewhere. ~aS,s6 In general, myelinated fibers exist in the trunks of the arteries but not in the arterioles. These fibers were also occasionally observed in the labyrinthine artery, which is fairly small..The reason myelinated fibers are present in such a small artery is not clear.
The distribution of the unmyelinated nerve supply to the cerebral arteries varies considerably in different anatomical locations in the brain. Some peripheral branches of the anterior cerebral artery were 350 t~ in diameter and had several layers of smooth muscle cells; these branches, however, possessed no nerve fibers at all. Vascular nerves could not be observed in the peripheral pial arteries of the middle cerebral artery over the convexity of the brain when they were smaller than 100 u. On the other hand, at the base of the brain many arterioles as small as 20 to 30 u in diameter branching from the internal carotid and the middle cerebral artery had vascular nerves in spite of their possessing only one or two layers of smooth muscle cells.
There may be two separate principles in the innervation of the intracranial arteries. First, vascular nerves can be found more frequently in larger arteries than in smaller ones. At the convexity of the brain, arteries smaller than 100 u in diameter do not have vascular nerves. Second, vascular nerves are found in the arteries located nearer to the internal carotid, basilar, and vertebral arteries. that more extensive innervation is spread over tion m a y apply to the arteries within the brain intracranial arteries in the human than in the rat.
The small arterioles within the perforating substance at the base of the brain were supplied with vascular nerves, while no vascular nerves could be found in the small arterioles within the corpus callosum. Therefore the same two principles of innervatissue. It seems, however, that the nerve supply to the arterioles within the brain tissue is somewhat less abundant than that of pial arterioles. Recent studies by fluorescence techniques demonstrated almost the same results.',27,2~ M a n y synaptic vesicles and some mitochondria are contained in the axon where it unpublished data on the experimental study of the dog are as follows. Ultrastructural degenerative changes of adrenergic axons begin 28 hours after the removal of the superior cervical ganglion and these axons have totally disappeared by 4 days after the ganglionectomy. Adrenergic axons in the middle cerebral artery of the dog are innerrated ipsilateraUy from the superior cervical ganglion.
In human intracranial arteries, adrenergic axons may also derive from the superior cervical ganglion. If the vasomotor nerve participates in cerebral vasospasm, we suggest that superior cervical ganglionectomy may be effective for the treatment of the vasospasm. spasm, although no positive evidence for this speculation was obtained in this study.
Most previous electron microscopic studies on the innervation of the cerebral arteries were performed after a single fixation with osmium solution, s,',28,a",Se This fixative fails to show the small dense cored vesicles which are characteristic of adrenergic axons? ,83," Further fine structural studies have been carried out using double fixation with glutaraldehyde and osmium, which disclose small dense cored vesicles in some axons. ",~5 Permanganate fixation reveals small dense cored vesicles in almost all adrenergic axons. ",',2s.26 It has been reported that adrenergic axons are contained in the wall of the cerebral arteries of the rat ",15 and the cat. 25'26 Our observations confirm that adrenergic axons also exist in the human intracranial arteries. Recent experimental investigations also show that these adrenergic axons are present in the superior cervical ganglion in rats, ",1~ rabbits,'.' and cats.' Our
